The aim of this study was to establish threshold TGR and MDS values which could be 3 used in regulated deficit irrigation in future work. Three irrigation treatments were 4 performed during three seasons in a 37 year-old table olive orchard in Seville (Spain). 5
Introduction 1
Irrigation scheduling in fruit trees is commonly calculated according to water balance in 2 full or deficit conditions. The water deficit schedule in olive trees is traditionally based 3 on severe water withdrawal around the beginning of massive pit hardening ( Phase II occurred from massive pit hardening until the last week of 4 August. We considered that the beginning of massive pit hardening began when a 5 decrease in the growth rate of the longitudinal diameter of the fruit was measured (Gijón 6 et al., 2010). There is no morphological indicator to establish the end of this phase. In 7
order to obtain a complete rehydration before harvest, the last week of August was 8 considered the end of this period in all the seasons (around DOY 240). 9
Phase III was the period of rehydration and occurred from the end of 10 August until harvest (around DOY 275). 11
Phase IV. Postharvest. Typical date of the beginning of postharvest is 12 beginning of October. 13
The water stress levels were estimated according to the trunk diameter 14 fluctuation indicators. Rains produced an unreal daily cycle of trunk diameter 15 fluctuations. Therefore the date where rain was measured and three days later, irrigation 16 was not scheduled in RDI treatments. Maximum daily shrinkage (MDS) was calculated 17 MDS vs stem water potential relationship of Moriana et al (2000) . In this 1 latter work the maximum values of MDS was around 800 m. We assumed 2 that the minimum stem water potential should be around -2.5 MPa; the 3 equation of this work estimated that MDS would be around 600 mm, 4 therefore around 0.75 MDS signal. 5  Regulated Deficit Irrigation 12 . No water stress was performed in 6 phase III and the management was the same, in this phase, as RDI-2. 7
Moderate water stress conditions were applied in phase I and severe water-8 deficits were performed in phase II. In phase I, irrigation was applied when 9 the average of TGR in the treatment was 0.25 m day -1 lower than the 10 average in the Control. This value was considered in previous studies as 11 moderate water stress (Moriana et al., 2010). In phase II irrigation was 12 applied when the MDS signal was lower than 0.5. As in the previous 13 treatment, we considered a level of water stress around -3.5 MPa and this 14 correspond to a MDS around 400 m, then a 0.5 MDS signal. 15 None of the treatments were irrigated after harvest. However, because of the lateness of 16 autumn rains during 2008 season, all of them were irrigated as in phase III. 17
The trunk diameter sensors indicate the water status of the tree but they do not 18
give information about the amount of water to be applied. Because trees were 19 continuous monitoring, irrigation was changed daily according to the variation of the 20 threshold value considered (MDS or TGR depend of the phenological stage). The 21 objective of this irrigation scheduling is to maintain the water stress level of the tree. 22
Goldhamer and Fereres (2001) suggested variations of 10% in the applied water when 23 the parameter selected (in that work MDS signal) was higher than the threshold value. 24
Conejero et al (2011) reported that variations of 10% were too small to produce a fast 1 change in the values of MDS signal. Therefore, we consider that the irrigation rate 2 should be different according to the measurement obtained. If the measurement was 3 very different to the threshold value the applied water should be greater than if the value 4 was similar. Three levels of irrigation rate were estimated in relation to the maximum 5 average daily ET c of the orchard. This value was estimated with the average data of ET o 6 in the last ten years and with the K c and K r values used in the Control treatment. The 7 irrigation rate varied as follow: 8  When the average value of the selected parameter was 15% lower than the 9 threshold, 1 mm (the quarter of the maximum daily ET c ) of irrigation was 10 applied on this date. 11  When the average value was 15-30% lower than the threshold, 2 mm (the 12 half of the maximum daily ET c ) of irrigation was applied on this date. 13  When the average value was 30% lower than the threshold, 4 mm (the 14 maximum average daily ET c ) of irrigation was applied on this date. 15
As an example, TGR data and irrigation event of Control and RDI-2 treatments (from 16 day of the year (DOY) 232 until DOY 252) during part of the recovery period of the 17 2009 season is presented (Fig. 1) . The period of recovery started at DOY 236, previous 18 to this date Control TGR are higher than RDI-2 TGR. In the recovery period, irrigation 19 approach is that both TGR are equivalent, so when RDI-2 TGR is lower than Control 20 TGR, there was an irrigation event (vertical bars) in RDI-2. There was not an 21 immediately response, usually the first event of irrigation reduced the differences but 22
we needed a second irrigation that provided higher TGR values in RDI-2 than in 23
Control. The daily applied water was 4 mm because the difference between TGRs washigher than 30%. Only at DOY 251, when TGR in RDI-2 presented slightly lower 1 values than Control, the irrigation was 1 mm. This figure (Fig. 1) is also a good example 2 of the daily changes in Control TGR. In this treatment, though irrigation was daily, 3 TGR values were very variable, with negative and positive values which were not 4 related to any meteorological data. So, although TGR was the indicator analysed, in 5 order to improve clarity, Maximum daily diameter (MXD) instead of TGR will be 6 presented. 7 8
Measurements 9
All the measurements were made on the six control trees located in each plot. 10
Trunk diameter fluctuations were measured throughout the experimental periods, using 11 a set of linear variable displacement transducers (LVDT) (model DF±2.5 mm, accuracy 12 ±10 m, Solartron Metrology, Bognor Regis, UK) attached to the main trunk, with a 13 special bracket made of Invar, an alloy of Ni and Fe with a thermal expansion 14 coefficient close to zero (Katerji et al., 1994) . Measurements were taken every 10 s and 15 the datalogger (model CR10X with AM 416 multiplexer, Campbell Sci. Ltd., Logan, 16 trunk growth rate (TGR) were calculated from the daily curves as described above. 18
The water status of trees for each treatment was characterised by the midday 19 stem water potential and maximum leaf conductance. Leaves near the main trunk were 20 covered with aluminium foil at least one hour before measurements were taken. The 21 water potential was measured at midday in one leaf per tree, using the pressure chamber The irrigation treatments were also evaluated form the point of view of quantity 22 and quality of yield. In table olives the quality of fruit is related to two parameters; the 23 pulp-stone ratio (PS ratio) and the fruit size. High values of PS ratio are considered anindicator of better quality fruits. The pulp stone ratio was measured by the fresh weight 1 of 18 fruits per treatment. The fruit size was estimated in 6 trees per treatment with the 2 number of fruits per kilogram. 3
The data were subjected to one-way ANOVA and the mean separation was 4 made via a Tukey's test. The probability levels for significant differences were at 5 P<0.05. The number of samples measured is specified in the text and figures. 6 7
Results 8
The meteorological data are the common for the Mediterranean climate (Table 1 Table 1 ) was the shortest and 11 usually took around one month. The rain was concentrated in winter and spring (Table  12 1, phase I and postharvest, Fig. 2 ). However, in two of the three seasons considered 13 (2009 and 2010) the total amount of rain was higher than the average of the last 40 14 years (681 and 1032 mm, respectively vs 550 mm). Applied water in the deficit 15 treatments was reduced by more than 80% compared to the Control treatment (Table 1  16 and Fig. 2 ). Control trees were continuously irrigated along the season (Fig. 2 ) in order 17 to obtain an over-irrigated treatment. The applied water in RDI treatments was greater 18 in phase I and, especially, in phase III (Table 1 and Significant differences were found in soil water storage in the profile (0-1 m 1 depth) during the three experimental seasons between Control and deficit irrigation 2 treatments, but not between the two RDI treatments (Fig. 3) . Although the values 3 obtained in the RDI treatments were clearly lower than in Control, the differences were 4 significant only on some days (Fig. 3) mainly during phase II (massive pit hardening 5 period). Soil moisture in RDI treatments decreased sharply from the beginning of the 6 period of massive pit hardening and increased during the recovery period. 7
The pattern of irrigation affected the distribution of soil moisture in the profile. Table 2 ). In all the seasons 17 during the phase I, Control and RDIs trees presented a positive TGR (Fig. 7 and Table  18 2), except for RDI-12 in the driest season (2008, Fig. 7a ). In this phase, significant 19 differences were found only at the end of the period (Fig. 7) and, therefore, the average 20 values were similar in most of the seasons ( Table 2 ). The greater TGR in RDI-12 than 21 in Control and RDI1 during the 2010 season ( Fig. 7c and Table 2 ) was related to 22 substantial rainfall. 23
The significant differences of TGR between Control and RDI treatments 1 occurred, in all the seasons, mainly during phase II (Fig. 7) . In a few days of phase I, 2 TGR of RDI-2 was lower than Control but with low amount of water (Table 1) the 3 average was similar (Table 2) . During phase I, TGR values of RDI-12 was more 4 affected for rains which produces a greater increase than in the other treatments (Fig 7) . 5
The greater differences of TGR in phase I between RDI-12 and Control in 2008 (Table  6 2) was also due to rains since in these days irrigation was not scheduling. Table 2 ). These differences were lower 11 during 2010. 12
In the recovery phase, significant differences in TGR, between Control and RDI 13 treatments, were found only at the beginning of this phase (Fig. 7) , so the average 14 values were similar in all years ( Table 2 ). The average TGR in this phase was positive 15 and higher than during pit hardening ( Fig. 7 and Table 2 ). The problem with the 16 irrigation system during the 2010 season produced no clear differences in TGR between 17 this period and pit hardening as in the other seasons. 18
The MDS signal in RDI-2 was similar in the three seasons and only a few values 19 significantly different from 1 were found ( On the other hand, the seasonal pattern of the MDS signal in RDI-12 was similar 5 to RDI-2 during 2008 (Fig 7a) but very different in the 2009 and 2010 seasons (Fig 7b  6 and c). The RDI-12 signals of 2009 and 2010 were significantly higher than 1 on most 7 of the dates. Therefore, the amount of applied water during phase II was strongly 8 reduced in all the seasons because MDS signal was very different to the threshold value 9 (0.5). 10
Data for shoot length during the 2009 (Fig. 9a) was similar in the pattern to the 11 rest of the seasons, but with longer period and greater growth in this low fruit load 12 season than in the high ones (data not shown). Shoot growth in 2009 occurred even 13 during pit hardening in all the treatments (Fig. 9a) . In Control and RDI-2 shoots grew 14 until the end of August (DOY 240) while in RDI-12 growth stopped around DOY 200. 15
The shoot length was significantly greater in RDI-12 than Control and RDI-2, the same 16 trend, though without significant differences, were found in 2010 (data not shown). (Table 3 ). Significant differences were found only in the 2009 season when RDI-2 was 22 lower than Control and RDI-12. Although the data from the 2010 season were not 23 significantly different, this trend -lower leaf area in RDI-2 than in the rest -was 1 repeated. 2
The number of inflorescences in the marked shoots present significant 3 differences between treatments in the low fruit load season (Fig. 9b) but not in the high 4 ones (data not show). Data for number of inflorescence during the 2009 (Fig. 9b) was 5 similar in the pattern to the rest of the seasons. In all the seasons and treatments the 6 number of inflorescences decreased from full bloom until the beginning of pit hardening 7 with a reduction of around 50%. Such reductions were similar in all the treatments and 8 fruit loads. In 2009 season, at full bloom, Control trees exhibit a significantly higher 9 number of inflorescences per shoot than the RDI treatments (Fig. 9b) . The low average 10 values at this season in all the treatments were likely related with the strong alternate 11 bearing of the orchard. The number of fruits per inflorescence at the end of the season 12 was not significantly different between irrigation treatments in any of the seasons (Table  13 3). However The pattern of fruit volume was similar during the three seasons with a 17 continuous increase in all the treatments (Fig. 10) . In the high fruit load seasons (Fig.  18 10a and c) the fruit tended to be smaller than in the low fruit load season (Fig. 10b) . 19
Significant differences between treatments were found throughout the seasons in the 20 three years of the experiment. During 2008 and 2010, the high fruit load seasons, the 21 differences in fruit volume between Control and RDI treatments were the highest at 22 harvest, being 14% and 20% higher in Control than in RDI-2 and RDI-12 respectively 23 (Figs. 10a and 10b) . However, in the low fruit load season (2009, Fig. 10b ) thedifferences were lower than 10% and only significant between RDI-12 and the other 1 two treatments. Fruit growth was stopped in RDI-2 in 2010 (Fig. 10c , from DOY 206 to 2 214) and in RDI-12 in 2008 and 2010 (Fig. 10a, around DOY 234; Fig. 10c from DOY  3 206 to 221). The fruit growth rate was affected from pit hardening in both RDI 4 treatments, except in RDI-2 during the 2009 season (Fig. 10b) The management of a threshold value in TGR would be suitable only during 21 phase II and phase III when a slightly shrinkage of the trunk (-5 m day -1 ), according to 22 our results, will be required. This value will be a threshold to irrigate but the respond of 23 deficits trees to irrigation with great increase in TGR (Fig. 7) likely produced that theaverage TGR value will be greater ( Table 2) Table 2 for average values of TGR). 
